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Stochastic magnetization dynamics excited by
spin-polarized current in magnetic nano-structures

I. INTRODUCTION

Thermal fluctuations and other noise sources play an im-
portant role in the dynamics of conventional auto-oscillators.
Thermal fluctuations (or noise) determine one of the most
important, from the practical point of view, parameters of the
auto-oscillator — generation linewidth Aw. The influence of
thermal noise is even more important for the nano-scale spin-
torque oscillators. Due to the extremely small sizes of STO,
the characteristic operational energy of these oscillators can
be comparable with the thermal energy kg1 (where kg is the
Boltzmann constant and 7T is the thermodynamic temperature).
As a result, not only the generation linewidth, but all the other
characteristics of spin-torque oscillators can be dependent on
the temperature. In particular, thermal fluctuations lead to the
blurring of the generation threshold in STO and to a finite
level of power fluctuations in the above-threshold operational
regime, in which the influence of thermal fluctuations is,
usually, negligible for conventional macro-sized oscillators.

In this section we describe how the influence of noise can
be accounted for in the nonlinear oscillator model (Sec. II)
and consider several important noise-related issues, namely,
the influence of noise on the generation power of an oscillator
(Sec. IIT) and the broadening of the oscillator linewidth under
the action of thermal fluctuations (Sec. IV).

II. STOCHASTIC NONLINEAR OSCILLATOR MODEL

The stochastic dynamics of an auto-oscillator can be de-
scribed in the framework of the nonlinear oscillator model (I1.5)
with external force f,(t) representing the action of thermal
fluctuations:

& wleP)e+ T (eP)e T (leP)e = fult) . (D)
For any particular oscillator scheme (1) can be derived from
the stochastic “material” equations. For instance, to obtain
(1) for the Van der Pol oscillator (see Sec. I.IV-A) one
has to add to the electrical scheme shown in Fig. I.2a an
additional stochastic voltage source that describes thermal
Johnson-Nyquist noise connected with the resistor R. For a
spin-torque oscillator stochastic equation (1) can be derived
from the Landau-Lifshits-Gilbert-Slonczewski equation (I.1)
with an additional random thermal magnetic field.

For an auto-oscillator of an arbitrary nature, stochastic force
fu(t) in (1) can be considered as a phenomenological term
describing action of thermal fluctuations. In such a case,
the statistical properties of f,(¢) should be determined from
the condition of a proper thermodynamical behavior of the
oscillator in the state of thermal equilibrium (i.e., when the
negative damping is vanishing I'_(|c|?) = 0). This is achieved

by selecting f,,(¢) to be a white Gaussian noise with the zero
mean and second-order correlator given by [1]

() =0,  (fu@fi(t) =2Dud(t —t) . (2)

Here D,, is the effective ”diffusion coefficient” that character-
izes the noise amplitude. To describe correctly the stochastic
dynamics of a nonlinear oscillator with arbitrary dependences
of the frequency w(p) and natural damping I'(p) on the
oscillation power p, one has to assume that the diffusion
coefficient D,, also depends on p as [1]

kT
Aw(p)

where 7(p) = kT /Aw(p) is the effective noise power in the
nonlinear regime. As it will be shown below, this form of the
diffusion coefficient provides correct equilibrium properties
(see (7)) for the arbitrary power dependences w(p) and I'; (p).
In (3) factor A is a scale factor that relates the oscillator
energy &£(p) to the dimensionless oscillator power p = |c|?:

Elp) = A/Opw(p')dp’ : 4)

Clearly, A depends on the normalization of the oscillator
amplitude c. For our choice of normalization of the amplitude
c of the spin-torque oscillator (see (I.15)) A has the form

A= Veg Mo/

Dy (p) = '+ (p)n(p)

=Ty (p) 3)

where Vg is the effective volume of the magnetic material
of the “free” layer involved in the auto-oscillation, My is
the saturation magnetization of the “free” layer, and -y is the
gyromagnetic ratio.

For many problems, instead of solving the nonlinear
stochastic Langevin equation (1) for the complex oscillation
amplitude c(t), it is convenient to consider the dynamics of
the probability density function (PDF) P(t,p, ¢) that gives
the probability of the auto-oscillator to have the power p and
phase ¢ at the time ¢ (given some probability distribution at the
initial moment of time). While the dynamics of the complex
amplitude c¢(t) is described by the stochastic and nonlinear
equation (1), the evolution of the PDF P is governed by the
deterministic and linear Fokker-Planck equation that can be
obtained from (1) using a standard formalism [2]
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Terms in the left-hand-side part of (5) originate from the
deterministic terms in (1), whereas the terms in the right-hand-
side part of (5) describe the stochastic action of the thermal



noise f,(t). One can see, that the noise-related terms in (5)
have the form of a usual diffusion operator (in the power-phase
coordinates) with the power-dependent diffusion coefficient
D,,. Thus, thermal noise leads to the diffusion of the oscillator
in the phase space.

Equation (1) or (5) can be applied for the analysis of a
number of noise-related problems of oscillator dynamics. It
is clear, that one can easily add to this stochastic scheme
additional action of deterministic external signals [3] or mutual
coupling between oscillators. It is, also, possible to generalize
(1) to include effects of other sources of noise, e.g., in the
case of spin-torque oscillators, flicker noise related to the
bias current or mag-noise related to the fluctuations in the
orientation of the “fixed” layer magnetization.

III. POWER GENERATED BY AN OSCILLATOR IN THE
PRESENCE OF NOISE

In this section we consider the problem of determination of
the power, generated by an auto-oscillator in the presence of
thermal fluctuations. In the framework of the nonlinear auto-
oscillator model one can find a complete analytical solution
of this problem, valid both below the generation threshold
(when, like in a passive oscillator, the oscillations exist only
due to the thermal noise) and in the above-threshold generation
regime (when the thermal noise leads to the fluctuations of
the generated power). The obtained general results, applied
to the case of an STO, suggest a precise method for the
determination of the threshold current Iy, and quantitatively
describe experimental data in the near-threshold region, when
the influence of the thermal fluctuations can not be ignored.

A. Theoretical Results

To find the average power, generated by an oscillator in the
presence of thermal noise, it is sufficient to find the stationary
solution Py of the Fokker-Planck equation (5). It should be
noted, that, since (5) does not depend on the oscillator phase
¢ explicitly (which is connected with the phase-invariance of
the Langevin equation (1) or, in more general terms, with an
autonomous character of the auto-oscillator’s dynamics), the
stationary PDF Py is independent of the phase ¢. Thus, in
the stationary state any value of the oscillator phase has equal
probability, and stationary PDF P, is a function of only the
oscillator power p: Py = Py(p). In this case (5) becomes an
ordinary second-order differential equation

% [Qp Ty —T_)Py+ 2pDndd7;ﬂ =0
and a physically-consistent solution of this equation has the
form [1]

A r_(p)
Po(p) = N - N1- dp'| .
o) = Noewp |22 ["w) (1- =5 ) o
(6)
Here N is the normalization constant determined from the
normalization condition

/Ooo Po(p)dp =1 .

One can see from (6), that at the thermal equilibrium
(T'—(p) = 0) stationary PDF Py(p) takes the form

>\ P
Peq(p) = No exp [kBT/o w(p’)dp’}

= Npexp {—i}i@] (N
which coincides with the standard Boltzmann distribution. We
would like to stress, that our approach gives a correct equi-
librium distribution (7) and, hence, satisfies the fluctuation-
dissipation theorem [4] for an arbitrary dependence of the
oscillator’s frequency w(p) and damping I'y (p) on the power
p, even if these functions significantly change on the thermal
energy scale kg7

Equation (6) allows one to determine any stationary charac-
teristic of a nonlinear auto-oscillator in the presence of noise.
For instance, the mean oscillation power p is found to be

p= / pPo(p)dp .
0
The power fluctuations Ap? can be calculated as
Ap* =p? — (p)?

where

p? = / p° Po(p)dp
0

When the temperature 7' is small, the argument of the
exponential function in (6) is large and (6) can be simplified
in two important cases. First, in the below-threshold regime
(when T'_(p) < T'y(p) for all p) the distribution Py(p) has a
maximum at p = 0. Expanding the integrand in (6) in a Taylor
series near p = 0 and keeping only the first non-zero term,
one obtains an approximate expression for the PDF Py(p) in
the below-threshold regime:

1-¢ { 1-¢ ]
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where the supercriticality is defined as ¢ = T'_(0)/T"(0),
which coincides with the previously used notation (1.26) for
the case of a spin-torque oscillator. The average power p and

power fluctuations Ap? in this regime are given approximately
by the expressions:

P(p) =

5 — 0 _ [ ksT I (0)
P= 1—c‘<mwm>r4m—r4m
. (82)
Ap* = (p>2=(1"<0)<) : (8D)

The below-threshold PDF P.(p) has approximately the
same Boltzmann-like form P (p) ~ exp(—p/p) as the equi-
librium distribution Pyq(p) (note, that for small temperature T
one can approximate E(p)/kgT as Aw(0)p/ksT = p/n(0) in
(7)), but with the increased average power level p. One may
interpret this effect as an effective increase of the temperature
T — T/(1—-) (see, e.g., [5], [6]). We would like to note,
however, that this interpretation is not completely correct, as
the negative damping I'_(p) in this regime does not only



increase the power p, but, also, reduces the linewidth of
oscillations (see Sec. IV), which can not be described by any
changes of the effective temperature.

In the above-threshold generation regime stationary PDF
Po(p) has a maximum at the stationary power p = pg (see
(1.25)), for which I'} (pg) = I'_(pp), and the integrand in (6)
is zero. By expanding the integrand in (6) in a Taylor series
near p = py, one can derive an approximate expression for the
PDF Py(p) in the above-threshold regime

1 _ 2
P~ o |
Here
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is the level of power fluctuations of the oscillator in the
above-threshold regime (I'y, is defined by (1.28b)). The mean
oscillation power p in this regime is approximately equal to
the zero-temperature value py (1.25).

One can see, that the probability distribution function P (p)
in the above-threshold regime has a functional form that is sub-
stantially different from the form of the below-threshold PDF
P~ (p). It is also interesting to note, that the power fluctuations
in this regime increase with temperature as Ap ~ /T, while
below the generation threshold Ap ~ T'. Since for typical
auto-oscillators I', ~ T'y(po), the relative level of power
fluctuations Ap/py ~ +/n(po)/po decreases with pg (i.e., with
the increase of the supercriticality) and, for sufficiently large
po, power fluctuations become negligible.

Neglecting the dependence of the oscillator frequency w(p)
on the power p (n(p) = n = const), which has only a
minor influence on the form of the PDF, and using (1.20),
one can derive from (6) an explicit general expression for
the stationary probability distribution function of a spin-torque
oscillator valid in the whole range of bias currents:

_J2¢exp [-(1 = ¢+ ¢p)*/2(n]
Po(p) = \/; T ol [~ 1)/v2a0 (10a)
for @ = 0 and

Polp) = Qexp [-(¢+Q)(1+Qp)/Q%n] (10b)

(1+Qp)7Es((C +Q)/Q%n)

for Q # 0. Here 3 = —(1 + Q)(/Q%y, erf(x) =
2/vm) [y e~¥dt is the error function, and E,(z) =
[ e */t"dt is the exponential integral function. Fig. 1
shows the profile of the probability distribution function (10)
in the below-threshold (¢ = 0), threshold (¢ = 1), and above-
threshold ({ = 2) regimes.

Using the analytical expression (10) for the probability
distribution function, it is possible to obtain an analytical
expression for the mean oscillation power p of a spin-torque
oscillator:

_[2p exp[=(C-1)P/2¢n] (-1 .
p\/7:“1+erf[(6—1)/\/W]Jr ¢ (11a)
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Fig. 1. Stationary probability distribution function Po(p) (10) for several
values of the supercriticality parameter ¢ (from [1]). Nonlinear damping
coefficient @ = 0.3, noise level n = 0.05. Data for ¢ = 0 (thermal
equilibrium) have been divided by 2.
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Fig. 2. Dependence of the mean oscillator power p (11) on the supercriticality
¢ for several noise levels n (from [1]). Nonlinear damping coefficient Q@ =
0.3. The lower curve for 7 = 0 coincides with the deterministic value (1.25)
of the oscillator power pg.
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for Q # 0. Fig. 2 shows the dependence (11) of the mean
power p on the supercriticality ¢ for several values of the
noise power 7.

B. Comparison With Experiments

To illustrate the application of the above described theory to
a real experimental situation we compare below the theoretical
expressions for the auto-oscillator power in the presence of
noise with the recent measurements of the generated power in
a GMR spin-valve auto-oscillator based on a metallic nano-
pillar [7]. The experimental data from [7] are shown by black
dots in the main frame of Fig. 3. To analyze these experimental
data it is important, first of all, to determine the threshold of
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Fig. 3. Main panel: Dependence of the mean power p on the bias current
1. Dots — experiment [7] for T' = 225 K, solid line — theoretical dependence
(A1) for Ity, = 4.9 mA, n=4.2- 10~4, Q = 0.3 (from [1]). Inset shows the
same data for inverse power 1/p in near-threshold range of currents. Dashed
line corresponds to the approximate expression (12) valid for small currents.
Intersection of this line with = axis gives the value of the threshold current
Liy,.

microwave generation, i.e. the magnitude of the bias current at
which the spin-torque oscillator, instead of passively filtering
its eigen-frequency from the thermal noise, starts to actively
self-generate. We believe that this can be done by analyzing
the experimental data for very small values of the bias current.
In the inset of Fig. 3 we show by dots the experimental
dependence of the inverse mean power 1/p on the bias current
I. These dots can be fitted to the theoretical expression (8a)
which gives a linear dependence of the inverse power on the
bias current for small values of current

1
:O((Ith—l) .
p

(12)
This linear dependence, taking place in the below-threshold
regime I < I and shown by a dashed line in the inset of
Fig. 3, crosses the horizontal axis (axis of the bias current) at
the point I = I}, and, therefore, allows one to determine the
Iiy, with a reasonably high precision.

Thus, the precise measurement of the oscillator output
power as a function of the bias current for low values of current
in combination with the theoretical formula (8a) provides a
simple method for the precise determination of the threshold
current Iy}, of microwave generation in a spin-torque oscillator
in situations when the influence of thermal fluctuations is
strong, and the determination of I;}, by other means is difficult.
In particular, from the inset of Fig. 3 one can immediately
determine the value of the threshold current of Ii;, = 4.9 mA,
which is substantially larger than the current [, ~ 4.2 mA, at
which the thermally-induced oscillations become observable
in the experiment [7].

Using thus determined value of the threshold current Iy, =
4.9 mA to calculate the supercriticality parameter ¢ = I/l
in the theoretical expression (11), it is possible to describe
theoretically the power p, generated by an STO, in a wide
range of bias currents (see main panel in Fig. 3). We would
like to stress, that the correct determination of the threshold
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Fig. 4. Main panel: Dependence of the inverse power 1/p on the bias
current /. Dots — experiment [8] for a magnetic tunnel junction (the direction
of the bias current was changed to coincide with our sign agreement), solid
lines — theoretical dependences (12) demonstrating different values of the
threshold current, determined from the data for positive (Iti, pos) and negative
(Ith, neg) current directions. Inset shows the same set of data for the direct
power D.

current Iy}, (and, therefore, the parameter () is essential for the
comparison of (11) with experiment, since the dependence of
the oscillator power p on the other parameters of the model
(like noise power n and nonlinear damping parameter (J) in
the above-threshold region (¢ > 1) is relatively weak.

Fig. 4 demonstrates another example of the threshold current
determination using the linear dependence (12) in the below-
threshold region. In this case the above described method of
the threshold current determination is applied to a spin-torque
device based on a magnetic tunnel junction (MTJ). Dots in
the main panel of Fig. 4 show the experimental data for the
inverse power 1/p measured in the below-threshold regime in
an MTJ nano-pillar (see [8]), in which the spacer between the
“free” and “fixed” magnetic layers (see Fig. I.1b) was made
of a non-magnetic insulator Al;O3. Due to a much larger
resistance of the MTJ nano-pillar (compared to fully-metallic
GMR spin valve nano-pillars, where the spacer is made of a
non-magnetic metal), the authors of [8] were able to measure
the power of the thermally-induced oscillations of the device
even for the negative values of the bias currents I < 0, when
the spin-transfer torque creates effective positive damping and,
according to (12), reduces the measured oscillation power p.

One can see from Fig. 4 that the experimental dependences
of the inverse output power on the bias current for positive
I > 0 and negative I < O current directions are both linear
(12), but have substantially different slopes. Respectively,
values of the threshold current I}, estimated using (12)
from the experimental data for positive (Ith,pos = 9 mA)
and negative (It neg = 2 mA) currents, are significantly
different. Note, that both Iy, pos and Iipn neg correspond fo
the same magnetization configuration, but were calculated for
different current polarities. Since the threshold current (1.23) is
inversely proportional to the spin-polarization efficiency ¢, this
difference in Iy}, suggests that the spin-polarization efficiency
¢ for MTJ depends not only on the mutual orientation of the



magnetizations of the "free” and “fixed” layers, but, also, on
the direction of the bias current. In the case shown in Fig. 4 the
ratio of spin-polarization efficiencies for positive and negative
currents is €pos/eneg = 2/9 ~ 0.22.

Thus, the measurements of the current dependence of the
noise-induced output power in MTJ-based STO can provide
direct information about the spin-polarization efficiency, and
can be used for verification of theories of spin-dependent
tunneling in magnetic nano-structures.

We would like to mention, that the threshold current,
estimated in [8] using the measurements of the linewidth
and the data for the direct (rather than inverse) power p, is
I;;, = 20 =5 mA, which is far above our estimates. We
attribute this difference to the fact that other sources of noise
can give a substantial contribution to the linewidth of a highly-
resistive MTJ-based device, and, therefore, the estimation of
the threshold current based on the linewidth data could be
unreliable. On the other hand, the dependence of the direct
power p on the bias current I (see inset in Fig. 4) is nonlinear,
and it is much more difficult to make an estimate of the
threshold current based on such a nonlinear dependence. Thus,
the difference in the slopes for currents of different polarity,
that is clearly seen in Fig. 4, which demonstrates the current
dependence of the inverse power, is hardly noticeable in the
inset of Fig. 4, where the current dependence of the direct
power is presented.

IV. GENERATION LINEWIDTH OF AN AUTO-OSCILLATOR

Thermal fluctuations do not only blur the stationary dis-
tribution Py(p) of the oscillation power, but, also, alter the
dynamical behavior of an auto-oscillator. In the presence of
noise the auto-oscillation amplitude c¢(¢) is not anymore a
harmonic function of time c(t) ~ e~*=!, corresponding to
a simple monochromatic oscillation, but is, instead, a rather
complicated stochastic function, and its spectrum

+o0 )
co = / c(t)e™Hdt

— 00
has, strictly speaking, non-zero spectral components, corre-
sponding to every frequency ).
The power spectrum of the auto-oscillation S(£2), that can
be defined as

(eqcyy) =2m8(Q — Q)S(Q)

is a convenient quantity that gives a detailed description of
the auto-oscillation spectrum in the presence of noise. Here the
angular brackets (...) stay for the averaging over the statistics
of thermal fluctuations. For a coherent monochromatic oscil-
lation with the frequency w, the power spectrum in singular
S(Q2) ~ 6(2—wg). In the presence of noise S(£2) has a finite
width (called sometimes generation linewidth) Aw, which
provides a simple way for a single-parameter characterization
of a noisy auto-oscillation spectrum. The generation linewidth
Aw is one of the most important parameters of an auto-
oscillator, especially with regards to its practical applications.

Alternatively, the coherence of oscillations can be charac-
terized by an autocorrelation function

K(1) = (c(t +7)c" (1)) .

The descriptions of noisy oscillations by a power spectrum
S(£2) or an autocorrelation function K(7) are fully equiva-
lent, since these two functions are connected by the Fourier
transform

S(Q) = / K(r)e* " dr .

As it will be shown below, in many cases the power spec-
trum of an auto-oscillation can be approximately represented
in a simple Lorentzian form

2Awp

SO~ o7t aur

(13a)
where D is the average oscillation power, and w is the mean
oscillation frequency. Note, that in (13a) and in the following
text Aw is defined as half-linewidth at a half-power level. The
autocorrelation function, corresponding to (13a), has a simple
exponential form

K(r) = pexp(—iwT — Aw|T]) . (13b)

It is important to stress, that in many cases the experimental
data for the generation linewidth are fitted to the simple
Lorentzian function (13), even if the actual lineshape S(€2)
(or autocorrelation function K (7)) has more complicated form.
Thus, usually, the generation linewidth Aw is understood in a
sense of an experimentally determined quantity obtained as a
best fitting parameter in the Lorentzian expression (13).

In the next section we derive expressions for generation
linewidth Aw of an auto-oscillator is several important partic-
ular cases, using the stochastic Langevin equation (1).

A. Below-Threshold Regime

In the below-threshold regime (I'_(p) < T'j(p)), when
the characteristic oscillation power p ~ 7 is small, one can
neglect all the nonlinearities in (1). In such a case equation
(1) becomes an equation describing a usual linear oscillator in
the presence of noise:

de .

&+ iw(0)e + [04(0) = T- ()] = fult) -
One can easily find a solution of this linear equation in the
form

c(t) = / fu(t) exp{~[iw(0) + T1(0) — T_(0)](t — ') }dt'

Using the statistical properties of the thermal fluctuations (2),
it is easy to show that the autocorrelation function KC(7) in
this linear case has a simple exponential form (13b) with the
average power p given by (8a), mean frequency defined by
w = w(0), and the full linewidth given by

2Aw = 2T, (0) —2T_(0) = 2T, (0) (1 —¢) . (14)

It is clear, that the power spectrum S(§2) of the oscillation in
this linear case has exactly the Lorentzian shape (13a).

For a spin-torque oscillator the expressions for the positive
and negative damping are given by (1.20), and the linewidth



2Aw of such an oscillator decreases linearly with the bias
current [ as

2Aw = 2Tg — 201 = 2T¢ (1 - I) . (15)

Iin

The measurements of the current dependence of the linewidth
Aw in the below-threshold regime provide an alternative
method of the experimental determination of the threshold
current [y, for current-induced excitations. As it was discussed
above, this method may not be very accurate for highly-
resistive STO based on magnetic tunnel junctions (MTJ).

Recently, the linear dependence (15) of the linewidth Aw
on the bias current I has been observed both in fully metallic
GMR spin valves [9] and in MTJ based on the TMR effect

[8].

B. Above-Threshold Regime: ”Linear” Oscillator

Far above the generation threshold the power fluctuations
in an auto-oscillator are negligible compared to the mean
generated power. In this regime the complex amplitude c¢(t)
becomes a pure phase-modulated process c(t) ~ \/;Toei¢(t).
Consequently, the generation linewidth Aw and the overall
shape of the auto-oscillation power spectrum S(2) is de-
termined only by the phase fluctuations. This property is
general for auto-oscillators of any nature, and is connected
with different types of stability of the oscillator dynamics with
respect to the power and phase fluctuations (see Sec. [.V-A2).

Thus, to find a generation linewidth of an auto-oscillator
in the above-threshold generation regime, it is sufficient to
determine the statistical properties of the auto-oscillator phase
¢(t). Here we will consider this problem for a "linear” oscil-
lator, i.e. for an auto-oscillator with frequency independent
of the oscillation power w(p) = wy = wy = const. As
it was noted before, the majority of conventional oscillators
belong to this class, whereas spin-torque oscillators, in general,
are characterized by a strong dependence of the oscillation
frequency w(p) on the power p (this case will be considered
in the following section).

Using (1), one can derive a stochastic equation for the phase
¢ = arg(c) of an auto-oscillator

9 = L)

VP

where f, () = fll(t)e_w’(t). Note, that the statistical properties
of the function f,(t) are the same as for the function f,(t), i.e.
fu(t) is a white Gaussian stochastic process with the second-
order correlator given by (2).

Far above the generation threshold one can substitute the
stationary power pg for p in the right-hand-side part of (16),
thus reducing this equation to a closed-form equation for the
phase ¢, which has the following solution for the phase as a
function of time:

o(t) = 0(0) -

(16)

Y A
wt+—/ Im[f.(t)]dt
where it was assumed that the phase at the initial moment
of time ¢t = 0 has fixed value ¢(0). This solution describes
the "Brownian motion” of the phase ¢(t) under the action of

thermal fluctuations. It is clear, that ¢(t) is a Gaussian process
with the mean value

(0(t)) = ¢(0) — wgt (17a)

and the variance

AG(0) = (620 ~ (O = “I) ) )
The phase variance A¢?(t) increases linearly with the time
interval |t|, exactly as the square of a particle displacement
for a usual Brownian motion.

The autocorrelation function KC(t), corresponding to the
Gaussian random phase ¢(t), can be written as

K(t) = po (exp{i[o(t) — ¢(0)]})
= poe’ YO exp[—Ag(1)? /2] -

For a “linear” auto-oscillator (A¢?(t) ~ [t|, see (17b)) the
auto-correlation fuction /C(t) has the Lorentzian form (13b)
with the average frequency W = w, and full linewidth

n(po)
e,
The ratio of the noise power 7(pg) to the stationary auto-
oscillation power pgy in the above derived linewidth expres-
sion can be rewritten as a ratio of corresponding ener-
gies kpT/E(po), yielding a physically transparent expression
for the Lorentzian generation linewidth of a “linear” auto-
oscillator: f "
B

ZALUO F+(p0)g(p0) .
To the best of our knowledge, the generation linewidth in a
general form (18) was first written in [10].

The damping rate I'y(pp) in (18) determines the over-
all scale of the possible linewidth variations, and the ratio
ksT/E(po) describes the linewidth reduction due to a smaller
influence of noise (having the constant energy kgT') for above-
threshold oscillations, the energy £(pg) of which increases
with the oscillation power py. Note, also, that if we formally
use (18) for the evaluation of the linewidth in the state of ther-
modynamic equilibrium (£(py) — kT, I'+(po) — T'+(0)),
we obtain the linewidth value that is 2 times smaller than the
value given by (14) in the same limit (I'_(0) — 0). This
difference is explained by the fact that only phase fluctuations
lead to the linewidth broadening of an auto-oscillator in the
above-threshold generation regime, whereas, for a passive
oscillator, both phase and amplitude fluctuations play the same
role.

The expressions for the generation linewidth of many dif-
ferent types of conventional (“linear”) auto-oscillators have
been derived previously (see, e.g., a classical book [11]). It is
important to note, that all these expressions can be rewritten
in the general form (18). In particular, the full generation
linewidth of an electrical auto-oscillator (similar to the one
considered in Sec. I.IV-A) is given by the classical formula
[11]:

(18)

kpT R w?

QA(U() = Ug



where R is the resistance of the circuit, wg = 1/ VLC is the
resonance frequency of the electrical circuit having inductance
L and capacitance C, and Uy is the voltage amplitude of
self-sustained electrical oscillations on the capacitor C. This
expression can be exactly rewritten in the form (18), taking
into account that, for an electrical oscillator, the damping rate
is 'y = R/(2L), and the oscillation energy is £ = CUZ /2.

The general expression (18) for the oscillator linewidth,
sometimes, can be used even for the description of quantum
systems. For example, the quantum limit for the linewidth
of a single-mode laser (Schawlow-Townes limit) leads to the
following expression [12], [13]

hw() ].—%

out

Here wy is the generation frequency, ' is the loss rate, which
is assumed to be caused only by the energy radiation out of
the laser cavity (losses in the active medium were neglected),
and P, is the output power of the laser. This expression,
also, can be rewritten in the form (18), if one uses the energy
of quantum fluctuations fiwy/2 instead of the thermal noise
energy kpT, and takes into account, that the output power
Py, of the laser is connected with the oscillation energy £
by the expression P,y = ['o€.

An attempt to calculate the generation linewidth of a spin-
torque oscillator has been undertaken in [14], and resulted
in an expression (see equation (28) in [14]), that, also, can
be rewritten in the form (18). However, the dependence of
the generated frequency of the generation power was ignored
in [14], and, therefore, the linewidth expression obtained in
[14] is correct only qualitatively. Thus, it is necessary to
consider the case of a substantially “nonlinear” auto-oscillator
(i.e. an oscillator with a large nonlinear frequency shift) to
quantitatively describe the generation linewidth of an STO.

C. Above-Threshold Regime: ”Nonlinear” Oscillator

The expression for the auto-oscillator generation linewidth
(18), which was verified for many physical realizations of
auto-oscillators, underestimates the generation linewidth of an
STO by one—two orders of magnitude. The reason for such a
large difference is that in the derivation of (18) the oscillation
frequency was assumed to be independent of the oscillation
power w(p) = const. For spin-torque oscillators, as it was
already emphasized, the influence of the nonlinear frequency
shift is very important. To find the correct expression for the
generation linewidth of an STO, as well as for any other
“nonlinear” oscillator, one has to explicitly take into account
the power dependence of the frequency w(p) in the theory.

In the above-threshold generation regime the power fluc-
tuations dp(t) = p(t) — po are small even for a “nonlinear”
oscillator dp(t) < po. However, to obtain a correct result for
the generation linewidth one should not ignore them altogether,
but, instead, should use this smallness to linearize (1) near the
stationary generation power p = pg to derive an approximate
system of equations for the power fluctuations dp(t) and the

phase ¢(t) in a “nonlinear” auto-oscillator:

%Hrpap = 2/poRe[fa()] (192)
do 1 ~
= tws = ﬁlm[fn(t)]—zvap (19b)

where, as in the previous subsection, fn(t) = fu(t)e=® is a
stochastic process with the same properties as f,, (¢). The left-
hand side of (19a) is the same as (I.27) for power fluctuations
op of free auto-oscillations.

One can see from (19b), that the frequency nonlinearity N
creates an addition noise term — N dp in the the phase equation
(19b). The physical mechanism behind this additional noise is
clear: for a nonlinear auto-oscillator the power fluctuations
dp(t) lead to the frequency modulation w(p(t)) = w(po +
dp(t)) = wg + Ndp. In some sense this additional noise term
can be considered as an inhomogeneous broadening of the
oscillator linewidth: oscillators with different (due to thermal
fluctuations) powers p have different oscillation frequencies
w(p).

Since the stochastic system (19) is a linear system of equa-
tions, and the noise f,(¢) is a Gaussian process, both dp(t) and
¢(t) are the Gaussian processes also. One can easily obtain
a complete set of statistical characteristics of these processes.
Namely, the mean value of the power fluctuations following
from (19) is zero (dp(t)) = 0, whereas its correlation function
has the form

L'y (po)

(Gpta)on(t)) = =t

The mean value of the phase ¢(t) (for a fixed value ¢(0) of
the phase at the initial moment of time ¢ = 0) is given by

(0(t)) = ¢(0) — wgt (2la)
and the variance of the phase fluctuations is expressed as
—2Dp ]

7}(]90)]70672”“#/' ) (20)
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where v is the dimensionless nonlinear frequency shift coef-
ficient (1.34).

In contrast to the case of a ”linear” oscillator (17b), the
variance A¢?(t) (21b) has a nonlinear dependence on the time
interval |¢|. This is caused by a finite correlation time (see
(20)) of the additional “nonlinear” noise term —N{dp(t) in
(19b). Only for the time intervals |¢|, that are much larger than
the correlation time 1/T";, of the power fluctuations, the phase
variance A¢?(t) starts to grow linearly with |¢|. Consequently,
the spectrum of a “nonlinear” auto-oscillator is, in general,
non-Lorentzian. There are, however, two limiting cases when
a rather complicated expression (21b) for the phase variance
of a nonlinear auto-oscillator can be substantially simplified.

If the temperature 7' and, consequently, the generation
linewidth Aw is sufficiently small Aw < I',, one can neglect
the exponential factor in the second term of the right-hand-
side part of (21b) at the characteristic decoherence time scale
of |t| ~ 1/Aw. Then, the following expression for the phase
variance is obtained in the low-temperature limit:

2
2,

AP?(t) = 2Awg [(1+ 1)t — v (21b)

AP (t) = 2Awo(1 + ) |t| —



In this limit the autocorrelation function K(¢) becomes expo-
nential (13b), and the power spectrum S(€2) has a Lorentzian
shape (13a) with the full linewidth of generation given by the
expression

9 kT
(1 +v )F+(p0)5(po) .
One can see, that the nonlinearity of the auto-oscillator fre-
quency w(p) leads to the increase of the generation linewidth
by (1+v?) times. The expression for the generation linewidth
of a “nonlinear” auto-oscillator (22) was derived on the basis
of a nonlinear oscillator model and published for the first time
in [10].
One can show, that the condition Aw < I', of applicability
of (22) can be rewritten as a condition for the temperature

T < (i) T

142
or, using (9), as a condition for the relative power of thermal
fluctuations

20w = 2Awp(1 + %) = (22)

(23a)
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e e
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Thus, (22) represents a low-temperature limit of the gen-
eration linewidth of a ”nonlinear” auto-oscillator. The esti-
mations for the typical parameters of a spin-torque oscillator
(permalloy circular nano-pillar of the radius R. = 50 nm
and thickness of the “free” layer L = 5 nm, generation
frequency wg /2w ~ 30 GHz) show that the expression (22) is
quantitatively correct for the temperatures 7' < 10 — 100 K,
depending on the supercriticality parameter (.

Another limiting case, which allows an easy analysis of
(21b), is the opposite limiting case of relatively long (com-
pared to the inverse linewidth 1/Aw) correlation times of
the power fluctuations 1/T',, or the case of relatively large
generation linewidths Aws.I',. In this case the exponential
function in (21b) can be developed in a Taylor series to give:

AP?(t) ~ 28w (|t| + 2T pt?) .

(23b)

For sufficiently large frequency nonlinearities v > 1 one can
drop the first (linear in |¢|) term in the brackets, and retain
only the second term that is one quadratic in time. Then, the
phase variance A¢?(t) ~ t2, and the power spectrum takes

the form )
S(Q) ~ exp {(W(Z&; ) }

with the characteristic linewidth

B = T o)y 2

In this limit the auto-oscillator linewidth is large Aw, >
I', and proportional to the normalized nonlinear frequency
shift coefficient v in the first power. Also, in contrast with the
low-temperature linewidth expression (22), giving the linear
dependence on temperature, the expression (24) for the auto-
oscillator linewidth is proportional to /7. It is interesting to
note, that formula for the auto-oscillator linewidth, which is
qualitatively similar to (24), was for the first time proposed

(24)

in [15] for the case of a spin-torque auto-oscillator (see (2) in
[15]). In the same paper the /T temperature dependence of
an STO linewidth was obtained as a result of direct numerical
simulations.

The expression (24) for the generation linewidth is valid in
the temperature range

( Lo >5(p0)<<k’BT<<< Lo

) E(po)  (252)

L' (po) v? L'+ (po)
or, in terms of power fluctuations,
1 A
— <=L« (25b)
v Po

Thus, (24) is the asymptotic expression of the generation
linewidth of a strongly-nonlinear (|| > 1) auto-oscillator in
the intermediate temperature interval. For larger temperatures
or smaller oscillation powers pg (i.e., in the near-threshold
region) expansion (19) is not valid anymore, and one has to
analyze the full equations (1) or (5), which can be done only
using numerical methods.

It is not clear, a priori, which of the above derived approxi-
mate expressions for the “nonlinear” auto-oscillator linewidth
(22) or (24) is a better approximation for the description of
the experimentally measured linewidth magnitudes in strongly
nonlinear spin-torque oscillators. On one hand, many of the
experiments, where the STO linewidth was measured, were
done at a room temperature 7' ~ 300K, which is higher
than the upper limit of applicability for the low-temperature
expression (22). On the other hand, in many cases the ex-
perimentally observed linewidths of spin-torque oscillators are
rather narrow Aw < I'g, so that the conditions of applicability
of the other asymptotic expression (24) are, also, violated. As
it will be demonstrated below, the direct comparison of the
currently available experimental data with the above devel-
oped theory, in general, demonstrates that the low-temperature
expression (22) gives a much better account of the existing
experimental data. However, additional measurements of the
generation linewidth of STO performed in a wide range of
temperatures are necessary to clarify this important question
and to, possibly, see in the experiment the cross-over from the
linear to a squate root dependence on temperature, when the
temperature is increased.

D. Near-Threshold Region

The region near the generation threshold I'y (0) ~ I'_(0)
(or, for a spin-torque oscillator, I ~ Iy,) is the most difficult
region for the theoretical analysis. In this region there are no
obvious linearization schemes by which (1) can be simplified,
and one needs to employ various numerical methods to evalu-
ate the auto-oscillator linewidth near the generation threshold.

The distortions of the power spectrum S(f2) in the vicinity
of the generation threshold have been studied in [16] using
analytical and numerical methods based on a non-stationary
Fokker-Planck equation (5) for the probability distribution
function P(t,p, ¢). The results of this analysis show that,
in the near-threshold region, the power spectrum S(£2) does



not have a simple Lorentzian form (13a), but rather can be
represented as a sum of partial Lorentzians
2Aw;D;
S(Q) = o) .
( ) Z(waj)2+AwJ2

J

For a “linear” auto-oscillator (w(p) = wg = const) the
central frequencies w; for all the partial Lorentzians are equal
W; = wp, and the overall power spectrum S(2) remains
symmetric with respect to the central frequency wy.

In contrast, for a ”nonlinear” auto-oscillator (w(p) # const)
all the frequencies w; are distinct and, in general, distributed
non-symmetrically around the zero-temperature frequency
wg = w(po). As a result, the power spectrum S(£2) becomes
asymmetric in the near-threshold region. Such asymmetry of
the power spectrum has been recently observed in experiments
with spin-torque oscillators based on metallic GMR nano-
pillar [7].

Another specific feature of the behavior of a nonlinear
auto-oscillator linewidth in the near-threshold region is an
apparent broadening of this linewidth. Like in the case of a
usual inhomogeneous linewidth broadening, the sum of sev-
eral partial Lorentzians with different central frequencies w;
results in the power spectrum S(€2) that has the overall width
that is larger, than the partial linewidths Aw; of individual
Lorentzians. This effect is illustrated by Fig. 5a, where the
linewidth Aw, obtained from a single-Lorentzian fit to the
power spectrum S(€2), is shown as a function of the bias
current [ for a a spin-torque oscillator. Good agreement is
found between the numerically and analytically calculated
linewidths far below and far above the generation threshold
in all cases, as indicated by the dashed lines representing the
linewidth values calculated using equations (15) and (22). In
general, the overall linewidth Aw decreases with the increasing
current, except in the region near the threshold, where a local
maximum of the linewidth can appear in the case of a strong
frequency nonlinearity |v| > 1. Depending on the magnitude
of the nonlinear frequency shift |N|, this maximum can be
several times larger than the generation linewidth in both
below- and above-threshold regimes [16]. The experimental
measurements of the power spectra of current-induced mi-
crowave oscillations in STO, also, show the line narrowing
followed by line broadening near the generation threshold with
the increase of the bias current (see Fig. 3c in [7]).

Fig. 5b shows the variation of the generation frequency w,
obtained from the single-Lorentzian fit to the power spectrum
S(£2), with the bias current I [16]. This variation is relatively
slow below the generation threshold W ~ wy and exhibits
a fast quasi-linear change with current above the generation
threshold due to the nonlinear frequency shift, in agreement
with (1.30).

E. Comparison with Experiments

The above presented theory of the generation linewidth of
nonlinear auto-oscillators successfully explains a number of
qualitative features, experimentally observed in the linewidth
measurements on spin-torque oscillators. First of all, the
inverse dependence of the generation linewidth (22) on the
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Fig. 5. Generation linewidth Aw (panel (a)) and frequency shift w = w—wp
(panel (b)) as a function of the bias current I obtained from single-Lorentzian
fits to spectra computed for different values of the frequency nonlinearity N =
N/Tq (from [16]). Noise power = 10~3, nonlinear damping coefficient
(@ = 2. Dashed lines in (a) show the below-threshold (15) and above-threshold
(22) linewidth asymptotics. Used values of the parameters are typical for in-
plane magnetized spin-torque oscillators (note that the nonlinear frequency
shift NV is negative).

energy of oscillations £(po) explains the general linewidth
narrowing with the increase in the bias current and oscillation
amplitude observed in, e.g., Fig. 4 in [17]. Note, also, that the
energy &(po) is proportional to the effective volume Vg of the
auto-oscillator, which is much larger for a spin-torque auto-
oscillator, based on a magnetic nano-contact, than for a similar
device based on a nano-pillar. Thus, the linewidth expression
(22) provides a natural explanation for a well-known experi-
mental fact (see [18]-[20]) that the auto-oscillation linewidths
associated with devices based on magnetic nano-pillars are, in
general, several times broader that those in the devices based
on magnetic nano-contacts.

In Fig. 6 we show the comparison of the generation
linewidth calculated using two asymptotic expressions (22)
and (24) with the results of experimental measurements of
the temperature dependence of the linewidth of a spin-torque
oscillator performed on the nano-pillar devices #1 (Fig. 6a)
and #2 (Fig. 6b) in [15] (see Fig. 2 in [15]). The geometrical
parameters of the nano-pillar devices were taken from [15] and
it was assumed that the excited magnetization oscillation mode
is pinned at the pillar lateral boundaries (see [21] for details),
the Gilbert damping parameter ag = 0.01, the nonlinear
damping parameter () = 3, and the polarization efficiency
€ = 0.4 were assumed to be the same for both devices [10].
As it is clear from Fig. 6, the simple analytical expression (22)
obtained in the low-temperature limit gives a reasonably good
estimate of the observed linewidths at different temperatures
for both nano-pillar devices with the same parameters. At the
same time, the second asymptotic expression (24) obtained
in the relatively high-temperature limit significantly overesti-
mates the generation linewidth. Assuming that the parameters
of the two devices are slightly different (which is possible due
to different nano-patterning and different thicknesses of the
“free” magnetic layer), one can obtain much better quantitative
agreement with the experiment [15] using the low-temperature
expression (22). Although it is difficult to determine from
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Fig. 6. Generation linewidth 2Aw of a spin-torque oscillator calculated

from the approximate expressions (22) (solid lines) and (24) (dashed lines) in
comparison with the temperature dependence of the linewidth in a nanopillar
device #1 (a) and device #2 (b) measured in [15] (black dots). Panel (a) shows
the linewidth measured at the second harmonic of the signal 2Aws = 8Aw.

the experimental data presented in Fig. 6 what is the real
temperature dependence of the generation linewidth, it is clear
that the low-temperature asymptotic expression (22) gives a
much better estimate of the generation linewidth magnitude.

In Fig. 7 we compared the theoretical (22) and experimental
[17] (see Fig. 6 in [17]) dependences of the full generation
linewidth 2Aw on the out-of-plane magnetization angle 6y of
nano-contact spin-torque oscillator. All the parameters of the
nano-contact device Fig. 7 were taken from [17], while the
current / = 9 mA and magnetic field Hy = 9 kOe correspond
to the center of the experimentally studied region, and the
nonlinearity parameter of positive damping was again chosen
to be equal to @ = 3 [10]. It is clear from Fig. 7, that the
linewidth dependence on the bias field orientation calculated
using the low-temperature asymptotic expression (22) is in
good quantitative agreement with the experimental results
from [17]. In contrast, the classical result for a “linear” auto-
oscillator (18) (see dashed line in Fig. 7, which shows classical
result (18), multiplied by 10) predicts a much narrower lines
and a monotonous decrease of the linewidth as a function
of the out-of-plane magnetic field angle 6y. The “nonlinear”
result (22) gives a reasonable qualitative and quantitative
description of the experimentally observed behavior of the
auto-oscillator linewidth, and, in particular, it predicts the
linewidth minimum around 6y =~ 80°, which is clearly seen in
the experimental data. This linewidth minimum occurs at the
“linear” magnetization angle 8 1i,, for which the nonlinear
frequency shift coefficient N vanishes (see Fig. 1.6a), and,
therefore, at this magnetization angle the spin-torque oscillator
behaves as a classical “linear” oscillator with the generation
linewidth determined by (18).

For an STO based on an anisotropic nano-pillar one may,
also, expect a non-trivial dependence of the full generation
linewidth 2Aw on the in-plane magnetization angle ¢, since
in this case the nonlinear frequency shift coefficient N sig-
nificantly varies with ¢y (see Fig. 1.6b). Recent experiments
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Fig. 7. Generation linewidth 2Aw of a spin-torque auto-oscillator calculated
from (22) (solid line) in comparison with the angular dependence of the nano-
contact STO linewidth measured at a room temperature in [17] (black dots)
(from [10]). The dashed line represents the classical result for a “linear” auto-
oscillator linewidth calculated from (18) and multiplied by 10 .

[22] performed using a spin-torque oscillator based on a nano-
pillar geometry where the “free” layer was magnetized by the
bias magnetic field oriented in the “free” layer plane, indeed,
demonstrated strong variation of the oscillation linewidth with
the variation of the in-plane magnetization angle ¢q. This
behavior of the generation linewidth finds a natural explanation
in the framework of the asymptotic linewidth expression (22).
Fig. 8 shows the comparison of the experimental data from
[22] with the angular dependence of the linewidth 2Aw
calculated from the asymptotic equation (22) using the general
expression for the nonlinear frequency shift coefficient in an
anysotropic magnetic film and taking all the other parameters
of the spin-torque oscillators from [22]. It is clear from Fig. 8§,
that the linewidth corresponding to the magnetization along
the hard in-plane axis (¢9 = 90°) of the nano-pillar “free”
layer is much smaller than the linewidth in the case of the
magnetization along the easy axis (¢g = 0). It is, also, clear,
that the linewidth expression (22) gives a good qualitative and
a reasonable quantitative description of the experimental data
for both nano-oscillator devices used in the experiments [22].
We would, also, like to note that, similar to the case of an
spin-torque oscillator with an out-of-plane magnetized “free”
layer, in the case of an STO based on an anisotropic in-
plane magnetized nano-pillar it is possible to choose the
direction and magnitude of the bias magnetic field in such a
way that the nonlinear frequency shift coefficient N vanishes
(see Fig. 1.6b). Under these conditions the linewidth of the
anisotropic STO will have a minimum possible value, corre-
sponding to the case of a "linear” auto-oscillator (18).

REFERENCES

[1] V. Tiberkevich, A. Slavin, and J.-V. Kim, “Microwave power generated
by a spin-torque oscillator in the presence of noise,” Appl. Phys. Lett.,
vol. 91, p. 192506, 2007.

[2] H. Risken, The Fokker-Planck Equation. Berlin: Springer-Verlag, 1989.

[3] B. Georges, J. Grollier, M. Darques, V. Cros, C. Deranlot, B. Marcilhac,
A. Fert, and G. Faini, “Coupling efficiency for phase locking of a spin
transfer oscillator to a microwave current,” arXiv:0802.4162, 2008.



4000

3000

2000 ~

1000

Linewidth 2Aw/27z (MHZ)

In-plane magnetization angle ¢, (deg)
2500 : T T T . I r .

Linewidth 2A@/27z (MHZ)

In-plane magnetization angle ¢, (deg)

Fig. 8. Dependence of the generation linewidth 2Aw (22) on the in-plane
magnetization angle ¢ for two spin-torque oscillators based on anisotropic
magnetic nano-pillars: (a) oscillator with a synthetic ”fixed” layer Py-IrMn; (b)
oscillator with a thick Py "fixed” layer (after [22]). Black dots — experimental
data measured at room temperature from [22], solid lines — calculation
using the expression (22) for a “nonlinear” auto-oscillator, dashed lines —
calculation using the classical “linear” expression (18) multiplied by 10.
All the calculations were done for the parameters of the experiment [22]:
saturation magnetization 4w Mo = 8 kOe, bias magnetic field Hy = 1.08 kOe
(a) and Ho = 1.2 kOe (b), in-plane anisotropy field H4 = 0.2 kOe (a)
and H4 = 0.1 kOe (b), Gilbert damping constant o« = 0.015, nonlinear
damping coefficient Q = 3, “free” layer thickness L = 4 nm, shape of the
nano-pillar — elliptical with the sizes 150 nm x 50 nm (a) and 130 nm x 70 nm
(b), spin-polarization efficiency € = 0.32 (a) and € = 0.375 (b), bias current
I =5 mA, temperature 7' = 300 K.

[4] R. Kubo, “The fluctuation-dissipation theorem,” Rep. Prog. Phys.,
vol. 29, pp. 255-284, 1966.

[5] D. M. Apalkov and P. B. Visscher, “Spin-torque switching: Fokker-
Planck rate calculation,” Phys. Rev. B, vol. 72, p. 180405, 2005.

[6] ——, “Slonczewski spin-torque as negative damping: Fokker-Planck
computation of energy distribution,” J. Magn. Magn. Mater., vol. 286,
pp. 370-374, 2005.

[7] Q. Mistral, J.-V. Kim, T. Devolder, P. Crozat, C. Chappert, J. A. Katine,
M. J. Carey, and K. Ito, “Current-driven microwave oscillations in
current perpendicular-to-plane spin-valve nanopillars,” Appl. Phys. Lett.,
vol. 88, p. 192507, 2006.

[8] S. Petit, C. Baraduc, C. Thirion, U. Ebels, Y. Liu, M. Li, P. Wang, and
B. Dieny, “Spin-torque influence on the high-frequency magnetization
fluctuations in magnetic tunnel junctions,” Phys. Rev. Lett., vol. 98, p.
077203, 2007.

[91 1. N. Krivorotov, N. C. Emley, J. C. Sankey, S. I. Kiselev, D. C.

Ralph, and R. A. Buhrman, “Time-domain measurements of nanomagnet

dynamics driven by spin-transfer torques,” Science, vol. 307, pp. 228—

231, 2005.

J.-V. Kim, V. Tiberkevich, and A. N. Slavin, “Generation linewidth of

an auto-oscillator with a nonlinear frequency shift: Spin-torque nano-

oscillator,” Phys. Rev. Lett., vol. 100, p. 017207, 2008.

A. Blaquiere, Nonlinear System Analysis. New York: Academic Press,

1966.

S. J. M. Kuppens, M. P. van Exter, and J. P. Woerdman, “Quantum-

[10]

(1]
[12]

[13]
[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

limited linewidth of a bad-cavity laser,” Phys. Rev. Lett., vol. 72, pp.
3815-3818, 1994.

A. L. Schawlow and C. H. Townes, “Infrared and optical masers,” Phys.
Rev., vol. 112, pp. 1940-1949, 1958.

J.-V. Kim, “Stochastic theory of spin-transfer oscillator linewidths,”
Phys. Rev. B, vol. 73, p. 174412, 2006.

J. C. Sankey, I. N. Krivorotov, S. I. Kiselev, P. M. Braganca, N. C. Emley,
R. A. Buhrman, and D. C. Ralph, “Mechanisms limiting the coherence
time of spontaneous magnetic oscillations driven by dc spin-polarized
currents,” Phys. Rev. B, vol. 72, p. 224427, 2005.

J.-V. Kim, Q. Mistral, C. Chappert, V. S. Tiberkevich, and A. N. Slavin,
“Lineshape distortion in a nonlinear auto-oscillator near generation
threshold: Application to spin-torque nano-oscillators,” Phys. Rev. Lett.,
vol. 100, p. 167201, 2008.

W. H. Rippard, M. R. Pufall, and S. E. Russek, “Comparison of
frequency, linewidth, and output power in measurements of spin-transfer
nanocontact oscillators,” Phys. Rev. B, vol. 74, p. 224409, 2006.

S. L. Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Emley, R. J.
Schoelkopf, R. A. Buhrman, and D. C. Ralph, “Microwave oscillations
of a nanomagnet driven by a spin-polarized current,” Nature, vol. 425,
pp- 380-383, 2003.

W. H. Rippard, M. R. Pufall, S. Kaka, S. E. Russek, and T. J.
Silva, “Direct-current induced dynamics in CoggFe10/NigoFego point
contacts,” Phys. Rev. Lett., vol. 92, p. 027201, 2004.

W. H. Rippard, M. R. Pufall, S. Kaka, T. J. Silva, and S. E. Russek,
“Current-driven microwave dynamics in magnetic point contacts as a
function of applied field angle,” Phys. Rev. B, vol. 70, p. 100406, 2004.
K. Y. Guslienko and A. N. Slavin, “Boundary conditions for magne-
tization in magnetic nanoelements,” Phys. Rev. B, vol. 72, p. 014463,
2005.

K. V. Thadani, G. Finocchio, Z.-P. Li, O. Ozatay, J. C. Sankey, I. N.
Krivorotov, Y.-T. Cui, R. A. Buhrman, and D. C. Ralph, “Strong
linewidth variation for spin-torque nano-oscillators as a function of in-
plane magnetic field angle,” arXiv:0803.2871, 2008.



	19505 Form 298
	#19505

